Regulatory monitoring of oil and gas development requires the accurate multi-elemental analysis of wellbore samples on a regular basis. In this study, an unconventional method, comparative neutron activation analysis (comparative NAA), was applied for the multi-elemental characterization of solid and liquid hydraulic fracturing samples at the ppm level. The obtained values from three wastewater samples were compared with the most probable values determined via an interlaboratory study, which involved 15 different laboratories from the United States, Canada, and Germany. The comparison showed that 15 out of 19 comparative NAA trace element concentration values were considered acceptable, providing a new technique to determine elemental concentrations in high salinity hydraulic fracturing samples.
Introduction
Underground natural reserves of oil and gas are found in conventional and unconventional forms. Due to the nature of unconventional sources, where the natural gas is trapped in the pores of low permeability formations, the extraction of the deposit requires a unique technique called "hydraulic fracturing," commonly known as "fracking" [1] . This method combines the traditional vertical and additional horizontal drillings that allow injection of fracking fluid into deep shale strata under high pressure that keeps the formation fractures open, letting the gas flow freely through pore spaces to the wellbore [2, 3] . For typical operations, each fractionation well requires an injection of about 2-5 million gallons of water [4] , only 10-80% of which can return to the surface as wastewater after pressure is released. The constitution of the fracturing fluid varies according to the geological characteristics of the fracking location and the specific needs of the extracting company and typically remain confidential. However, evaluations have noted that the concentration of chemical additives in fracking fluids varies between 0.5-2%, while the remaining 98-99.5% consists of water and proppants (typically silica sand) [4] . Regardless of the dilution level, a mixture of these additives with the dissolved or physically liberated chemical elements from the underground formations that return as wastewater might carry a potential risk to the local environment and public health. Thus, the accurate multi-elemental analysis of soil, sediment, and wastewater samples is significant for the regulatory monitoring of oil and gas (O&G) development. The analysis must be able to both identify a large number of environmentally relevant elements and to provide concentrations of those elements in a quantitative manner, as these analyses are used to verify that the concentrations of constituent elements are within the appropriate regulatory limits. Furthermore, in case of potential contamination, they can be used as a fingerprinting application for investigating O&G wastewaters and their headsprings [5] .
The multi-elemental analysis of O&G samples is challenging due to the sample matrix complexity. It is usually performed using various traditional techniques, such as inductively coupled plasma with mass spectrometry (ICP-MS), inductively coupled plasma with optical emission spectrometry (ICP-OES), triple quadrupole inductively coupled plasma with mass spectrometry (ICP-MS/MS), direct plasma spectrometry (DCP), X-ray fluorescence (XRF), and ion chromatography (IC) [5] . However, all these methods have limitations caused by certain deficiencies in the techniques or the sample matrix specifications. In particular, the high salinity of many fracking waters requires a dilution factor of 10 4 -10 5 for analysis via techniques like ICP-MS or ICP-OES. This need for sample dilution renders the identification of certain trace elements (e.g. Se, As) more difficult. Therefore, the motivation of this study was to apply an unconventional method, neutron activation analysis, for the multi-elemental characterization of fracking samples, as well as to evaluate its suitability for this application by comparing its results with other methods.
Neutron activation analysis (NAA) is a sensitive and versatile non-destructive analytical technique used for determining the major, minor, and trace elements, typically in small (tens of milligrams) samples. Nowadays, under proper conditions, NAA can quantitatively identify over 70 elements with a lower detection limit of parts per million (ppm) or even parts per billion (ppb). Like some of the previously noted chemical analysis techniques, NAA measurements can be influenced by sample salinity. In particular, the neutron activation of 23 Na to 24 Na (t ½ = 14.997 h) can be problematic due to its moderately long half-life and its multiple high energy gamma ray emissions (1368.6 and 2754.0 keV) that can overwhelm the gamma ray signatures from other trace elements. However, for longer lived activation isotopes (t ½ > 24-36 h) such as As or Se, NAA may be a superior measurement technique because sample dilution can be avoided if adequate decay times are used prior to sample measurement.
To test this idea, the comparative neutron activation analysis (comparative NAA) method was used to examine seven liquid (wastewater) samples and fifteen solid (soil and sediment) samples, collected from hydraulic fracturing wellbores located within Pennsylvania, mostly from the Marcellus Shale and Blacklick Creek. Since the wellbores are properties of different private companies, and there are restrictions on proprietary information, the names and exact locations of the wells and more detailed information regarding the test samples remains confidential.
Theory
Comparative NAA is a well-established technique and has been described in detail elsewhere in the literature [6] . More specific to this project, however, is the assessment of data from three of our samples against elemental concentration values measured by other techniques, such as ICP-MS or ICP-OES, in an inter-laboratory comparison study. Data examination in the inter-laboratory study (detailed in Ref.
[5]) employed a non-parametric statistical method to evaluate the elemental concentration data (at least seven measurements for each of the three samples) collected from all of the participating laboratories. This method is more resistant to outlier values since it claims the median as the most probable value (MPV), instead of the mean. In this method, the magnitude of uncertainty for each MPV was calculated via Eq. (1), where Q3 and Q1 are lower and upper quartile magnitudes while 1.349 is a constant value that represents the standard deviations necessary to include the interquartile range data (i.e., Q3-Q1). Z-scores for the inter-laboratory study results were calculated using Eq. (2). Z-scores for the results of the quality control samples were calculated using the typical z-score definition shown in Eq. (3); the σ 2 measured variable is the square of the uncertainty of the NAA measured value. In both cases, a measured result with z ≤ 2 is acceptable, a result with 2 ≤ z ≤ 3 is considered questionable, and a result with z > 3 is unacceptable [5, 7] .
Experiment
The solid samples were in the form of powders of different colors or small (1-2 mm) crystals, while liquids were light-yellow, opaque or transparent wastewaters. Buffalo River Sediment (2704) and Montana Soil (2711) standard reference materials (SRMs) from the National Institute of Standards and Technology (NIST) were used as the comparator standard and the quality control standard, respectively. Samples were encapsulated in high-purity quartz ampoules (Heraeus Suprasil 310) to maintain sample integrity during long neutron irradiations (~ 8 MWhr). The SRMs and solid fracking samples were directly placed into ampoules while liquid samples were first dehydrated under a heating lamp. In case of liquid samples, only some portion of the evaporated residue was used without any pulverizing and homogenizing processes. Full homogenization was not performed to reduce the potential cross-contamination of the samples from homogenization tools; this decision may be revisited for future work. Test samples using liquid selenium standards in 5% HNO 3 were evaporated under identical conditions
and selenium levels were measuring using NAA. This test demonstrated that the heat lamp method did not cause unintentional volatilization of selenium under these specific conditions; however, we did not test for the volatilization of other chemical selenium species. Each capsule contained about 65-95 mg of sample, except for two samples (Sample 04 liquid and Sample 05 liquid) with 6-7 mg of residue from liquids that almost completely evaporated. A representative selection of the prepared samples is shown in Fig. 1a . The sealed ampoules were placed vertically in two aluminum sample holders sized to fit the PSBR dry tubes (2.54 cm O.D. and 14 cm high). Each holder had two sample levels with an aluminum disk in between sample sets; all sample levels contained both SRMs to ensure the accurate characterization of the unknown samples (Fig. 1b) .
All irradiations used the PSBR dry tube locations. The PSBR is a 1 MW TRIGA reactor with pulsing capabilities and a movable core, and has the flexibility of some variation in the position of irradiation locations near or within the core. The fuel and dry tube configuration during this work are shown in Fig. 2 . Because the dry tubes are surrounded by fuel elements, and each of the samples is placed in the outer ring of the sample holder (only a blank quartz ampoule is in the center), the neutron flux available to each sample is assumed to be uniform. To minimize the necessary irradiation times, the sample holders were axially positioned in the dry tubes such that the samples were exposed to the maximum possible neutron flux [8] . The maximum neutron flux available in the PSBR dry tubes at 1 MW reactor power was 1.09E13 n/cm 2 s for this core loading. Sample irradiation and measurement activities were optimized to quantify short-(T 1/2 ≤ 15 h), intermediate-(15 h < T 1/2 < 7 days), and long-lived (T 1/2 ≥ 7 days) product radioisotopes. The short-lived isotopes were determined through a 6-min irradiation at 110 kW reactor power, between 8 h and 2 days of decay time, and radiation counting for 15 min of each sample. The factor of six difference in the decay times for some of the short-lived samples is reflective of the varying levels of sodium in the samples; high levels of these elements necessitate longer decay times to lower the dead time and the Compton plateaus from 24 Na. To determine intermediate-and long-lived isotopes, the samples were re-irradiated for 10 h with a reactor power of 800 kW and counted for 50 and 180 min after 6-12 and 22-28 days of decay time, respectively. The radiation counting was conducted using an automatic sample handling system, a high purity germanium detector (HPGe, Canberra GC1518), a digital spectrum analyzer (Canberra DSA-2000), and Genie-2000 software [9, 10] .
Results and discussion
The initial list of target elements provided to the inter-laboratory group included Na, K, Mg, Ca, Sr, Ba, Li, B, Al, Fe, Mn, Cr, Ni, Cu, Zn, As, Pb, Cl, and Br. However, some of the target elements were not suitable for the comparative NAA method due to low natural abundance, small neutron Tables 1, 2 , and 3, BDL stands for below detection limit).
The data in Table 1 show the ability of NAA to simultaneously determine elemental concentrations across six orders of magnitude in high salinity liquid and solid hydraulic fracturing samples. The data also show significant variation in the measured concentrations of multiple elements (e.g. sodium and iron) between samples, reflecting the multiple sources from which the materials were gathered. The error shown in Table 1 corresponds to one sigma and was propagated using the counting error (obtained from Genie-2000 software), the mass error (associated with the analytical balance uncertainty), timing error (60 s to account for slight variation in irradiation times), and the error associated with each element in the certified SRM used as the comparator. To eliminate uncertainties with respect to the irradiation and counting geometries, the SRMs and test samples were identically encapsulated and counted using the same detection system and detector geometry. The exposed neutron flux among the SRMs and the fracking samples was assumed to be identical due to the small diameter and location of the dry tube, which was surrounded by fuel rods. Moreover, all samples were aligned on the outer ring as shown in Fig. 1b and irradiated under the same conditions without the presence of any shielding. The blank ampoule was irradiated with the samples to evaluate and subtract the background radiation from any activation in the quartz. The quality control check was conducted by comparing NIST reported and comparative NAA measured Montana Soil trace element concentration values. The comparison results are shown in Table 2 .
The quality control check was conducted by comparing NIST reported and comparative NAA measured Montana Soil trace element concentration values. The comparison results are shown in Table 2 . Sixty of the 66 percent-difference values for the quality control samples are < 20%. Ten of the z-scores are considered unacceptable. The method struggles with strontium values, including consistently low measured values and high measured error. The method shows excellent performance with most of the elements examined, including manganese, europium, potassium, sodium, calcium, barium, chromium, iron, scandium, and selenium.
The comparison of the NAA measured values with the MPV values determined in the inter-laboratory study [5] for three liquid samples is shown in Table 3 . Fifteen of the 19 NAA measurements have values within 20% of their corresponding MPVs. Fifteen of the 19 NAA measured values are considered acceptable by their z-score evaluation and show that the NAA method may be particularly useful for manganese, iron, and barium in these kinds of liquid samples. The iron, barium, and manganese concentration values agreed particularly well with the MPVs since all these elements have the best combination of NAA-relevant half-lives and relatively high gamma-ray energies and intensities. Two out of three values for calcium had high z-scores, and one sodium measurement differed from the MPV by a factor of two, indicating that these elements require additional NAA evaluation and testing before they can be used for future sample analyses.
The noted differences for the samples with unacceptable MPV values could be an artifact of fractionation during the dehydration process, or the fact that these samples could need additional decay time for some of the isotope measurements. Additionally, NAA is a completely different technique than the others used in the inter-laboratory study; NAA is a nuclear technique, rather than a chemical technique. As such, it does not suffer from the same systematic biases that ICP-based methods may suffer from. Further investigations are necessary to determine the full accuracy of the NAA method with these types of samples, but the results noted here provide initial confirmation that NAA of liquid hydraulic fracturing samples is a useful, independent measurement technique that can help identify trace and bulk elements in high salinity samples.
Conclusions
NAA and specifically comparative NAA is a satisfactory method for implementing quantitative analyses of specific (NAA suitable) elements in hydraulic fracturing samples. Because NAA is a nuclear technique rather than a chemical technique, NAA can be used as an independent analysis method that is free of the potential chemical biases that may be present in multiple chemistry-based techniques. This method can be useful as a secondary analysis to confirm the results from the traditional chemical methods and to potentially provide data on trace elements such as selenium that ICP-based techniques struggle with due to high sample salinity. Furthermore, the inter-laboratory comparison was conducted for only three liquid samples and was not performed for any solid samples. Therefore, there is a possibility that the NAA may perform better than other conventional methods in determining certain trace element concentrations in fracking soil and sediments.
For future work, we intend to improve the dehydration process of wastewater samples and to optimize the irradiation, decay, and counting time based on the salinity of the sample. Also, using a different counting geometry (with a larger detector to source distance) may enable the detection of short lived isotopes of chlorine and manganese over the Compton continuum caused by high sodium concentration. Moreover, the range of target elements can be expanded by applying the pneumatic transport and Compton suppression systems at the Radiation Science and Engineering Center (RSEC).
